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Recently, magnetization reversal has been extensively studied in a number of magnetic films and interestingly, the contrasting behaviors of wall-motion dominant reversal and nucleation dominant reversal have been reported among similar samples of many systems. [1] [2] [3] These reversal behaviors have been analyzed by the thermally activated relaxation model based on Fatuzzo's theory 4, 5 and also compared with the theoretical predictions using micromagnetic simulations. 6, 7 However, to the best of our knowledge, the quantitative analysis of magnetization reversal directly from the domain patterns hasn't been reported yet. In this letter, we describe a new method to quantitatively analyze the magnetization reversal behaviors considering both the nucleation and wall-motion processes based on the time-dependent domain patterns. The present method was applied to understand the reversal patterns of the Co/Pd multilayered system and found to characterize well the contrasting reversal behaviors in this system.
We modelize the time-dependent domain patterns of magnetization reversal based on circular domains formed by the nucleation process, and subsequently expanded by the wall-motion process. Figure 1 illustrates the time-dependent domain-evolution patterns from the initially saturated state under a reversing applied field. Nucleated domains in Fig.  1͑a͒ expand at the domain boundary by the wall-motion process and simultaneously, newly upcoming domains are formed by the nucleation process as shown in Fig. 1͑b͒ . The expansion of the circular domain dr in time dt due to the wall-motion process is given by
drϭVdt, ͑1͒
while the number of nucleation dn in time dt is given by
dnϭR͑sϪa͒dt, ͑2͒
where V is the wall-motion speed, R is the nucleation probability per unit time and unit area, s is the total area of the sample under examination, and a is the reversed domain area. Since both the wall motion and the nucleation processes are known to be governed by the thermally activated relaxation mechanism, 5,6 the wall-motion speed V and the nucleation probability R are expected to be proportional to exp͓ϪE B (H)/k B T͔, where E B (H), which depends on the strength of the reversing field H, is the energy barrier for each process, k B is the Boltzmann's constant, and T is temperature. Thus, V and R are constant during an isothermal process under a constant reversing field. Now, the expansion of the reversed domain area da is given by
where the first term is caused by the wall-motion process at all domain boundary of length l and the second one is caused by the nucleation of circular domains having the characteristic radius r 0 . On the other hand, the increment of the domain boundary length dl is given by
After substituting dr and dn with Eqs. ͑1͒ and ͑2͒, Eqs. ͑3͒ and ͑4͒ become aЈϵ͑da/dt͒ϭlVϩr 0 2 ͑sϪa͒R lЈϵ͑dl/dt͒ϭ2Vϩ2r 0 ͑sϪa͒R ͮ .
͑5͒
Then, the wall-motion speed V and the nucleation probability R are explicitly given by
͑6͒
Thus, by measuring the reversed domain area a(t) and the domain boundary length l(t) from the domain patterns, one can explicitly determine the wall-motion speed V and the nucleation probability R. The present method has been applied to investigate the domain reversal behavior of the Co/Pd multilayered system. A series of (t Co -Å Co/11-Å Pd͒ 10 samples with t Co ϭ2.0, 2.5, 3.0, 3.5, and 4.0 were prepared on glass substrates by e-beam evaporation with a 2% accuracy of the sublayer thickness. 8 All samples showed the Kerr hysteresis loop of unit squareness indicating perpendicular magnetic anisotropy and the coercivities of the samples were measured as 1.2, 1.0, 0.6, 0.5, and 0.4 kOe for the samples of t Co ϭ2.0, 2.5, 3.0, 3.5, and 4.0, respectively. Magnetization reversal from the saturated state was investigated under a reversing applied field of 50% coercivity for each sample. The domain patterns were observed by a modified magneto-optic microscope capable of ϫ1,000 magnification with an objective of 0.9 N.A. A serial domain images of 7 frames/s were obtained by an advanced video processing technique of the noise filtering and the black-and-white image extraction process. We show the observed domain patterns of the ͑2 Å Co/11 Å Pd͒ 10 and ͑4 Å Co/11 Å Pd͒ 10 samples in Figs. 2͑a͒ and 2͑b͒, respectively; the wall-motion dominant reversal is observed in the former sample, while the nucleation dominant reversal is observed in the latter sample.
The reversed domain area a(t) and the domain boundary length l(t) were measured from the serial domain patterns by the image analyzing process of the black-and-white celldistribution counting and the edge finding. The domain boundary length l(t) was calibrated by multiplying (/4) due to the geometric difference between the experimental measurement based on the squared cell and the theoretical model based on the circular domain. An error in the measurement of the domain boundary length l(t), caused by mapping circular domains with the squared lattice of 164 nmϫ164 nm, was not exceeded by more than 50% even for the smallest circular domain of 82 nm radius and the error was decreased by increasing the domain radius. Figure 3 shows the reversed domain area a(t) and the domain boundary length l(t) measured from the domain reversal patterns of the ͑2 Å Co/11 Å Pd͒ 10 and ͑4 Å Co/11 Å Pd͒ 10 samples. The a(t) was obtained by calculating a͓(nϩ1/2)⌬t͔ ϭ͕a͓(nϩ1)⌬t͔ϩa(n⌬t)͖/2, where n was the serial number of measurement and ⌬t of 1/7 s was the time interval of measurement. The l(t) was obtained in the same manner. The solid line of the reversed domain area a(t) in each plot of Fig. 3 is completely correspondent with the magnetization viscosity curve; 3 a typical wall-motion dominant curve of the former sample is shown in Fig. 3͑a͒ , while a typical nucleation dominant curve of the latter sample is shown in Fig. 3͑b͒ . The domain boundary length l(t) of the former sample in Fig. 3͑a͒ is much smaller than that of the latter one in Fig. 3͑b͒ at the same value of the reversed domain area. This result is quite expected because the wall-motion dominant reversal consists of large domains having a relatively small ratio of the boundary length to the area, while the nucleation dominant reversal consists of small domains having a large ratio.
To determine the wall-motion speed V and the nucleation probability R using Eq. ͑6͒, one must know the derivatives of a(t) and l(t). We have calculated their derivatives by dF͓(nϩ1/2)⌬t͔/dtϭ͕F͓(nϩ1)⌬t͔ϪF(n⌬t)͖/⌬t, where F͓t͔ represented a(t) or l(t). In addition to aЈ(t) and lЈ(t), one has to know the characteristic radius r 0 , defined as the radius of a nucleated domain at its birth, to determine V and R. The minimum radius of the reversed nuclei is theoretically predicted as ϳ(k B T/2t f K u ) 1/2 , where t f is the thickness of film and K u is the uniaxial anisotropy constant. 9 It is estimated to be about a few nm in our samples, which is much smaller than the optical resolution. Thus, we set r 0 ϭ82 nm, corresponding to a half unit cell size of our optical observation system, because it was the minimum size of domain measurable by our system.
Both the wall-motion speed and the nucleation probability are expected to be decreased with increasing reverseddomain area, because the strength of the reversing field including the demagnetizing field is decreased due to a decrement of the demagnetizing field from the mixed domain state of reversed domain area a(t). Therefore, the analysis has been carried out within 10% reversal to minimize the demagnetizing effect as well as to avoid from the overlapping of the domains. In Fig. 4 , we plot the wall-motion speed V and the nucleation probability R with the error bars of the standard deviation from several tries as a function of the Co sublayer thickness. The broad dispersion of the error bars is considered to be caused by the microstructural fluctuation of the films, but also affected by the different demagnetizing field distribution from the detailed domain structure. It is interesting to note that the mean nucleation probability is largely increased from 0.02 s Ϫ1 m Ϫ2 to 0.21 s Ϫ1 m Ϫ2 with increasing the Co sublayer thickness from 2 Å to 4 Å, while the mean wall-motion speed is slightly decreased. Therefore, one might conclude that a sensitive change of the nucleation probability, rather than the wall-motion speed, is responsible for the contrasting reversal behaviors in the Co/Pd multilayered system. We conjecture this result probably caused by a change in the lattice mismatch with varying the Co sublayer thickness or the variations of the magnetic properties including the demagnetizing field with increasing the Co sublayer thickness. But the details of the above two origins need to be investigated.
In conclusion, we have developed a novel method to quantitatively analyze the magnetization reversal behavior of magnetic films, where the domain reversal patterns are modelized by time-dependent circular domains formed by the nucleation process and then, expanded by the wall-motion process. Using this method, the wall-motion speed and the nucleation probability could be simultaneously determined by measuring the time-dependent domain reversal patterns. The present method has been applied to study the magnetization reversal of Co/Pd multilayered system and the contrasting reversal behaviors observed in this system were found to be mainly caused by the variation in the nucleation probabilities of the samples.
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